DNA helicase II is a well-characterized Escherichia coli enzyme capable of unwinding duplex DNA and known to be involved in both methyl-directed mismatch repair and excision repair of pyrimidine dimers. Here it is shown that this enzyme also catalyzes the ATP-dependent unwinding of a DNARNA hybrid consisting of a radioactively labeled RNA molecule annealed on M13 single-stranded DNA. The DNARNA unwinding reaction required less protein to unwind more base pairs than the corresponding unwinding of duplex DNA. In addition, the rate of unwinding of the DNA-RNA hybrid was more than an order of magnitude faster than unwinding of a DNA partial duplex of similar length. The unwinding of the DNA-RNA hybrid is a property unique to helicase II since helicase I, Rep protein, and helicase IV failed to catalyze the reaction. In light of these results it seems likely that helicase I is involved in some previously unrecognized aspect of nucleic acid metabolism, in addition to its known roles in DNA repair reactions.
Escherichia coli cells contain at least eight DNA helicases, enzymes that catalyze the unwinding of duplex DNA in a reaction that depends on the concomitant hydrolysis of a nucleoside 5'-triphosphate (1, 2) . Each of these enzymes is apparently involved in a different aspect ofDNA metabolism, which may account for the large number of enzymes able to catalyze the same basic reaction. In addition, the E. coli termination factor Rho has been shown to be capable of catalyzing the ATP-dependent unwinding of an RNADNA hybrid (3) . This activity ofRho protein presumably facilitates the release of RNA transcripts from the DNA template at Rho-dependent terminators. Considerably less is known about the helicase enzymes present in eukaryotic cells. However, a number of enzymes capable of unwinding duplex DNA have been identified in several cell types (4) (5) (6) (7) (8) . In addition, enzymes able to catalyze the unwinding of duplex RNA have been detected in eukaryotic cells (9) (10) (11) . It is likely that these enzymes are involved in various aspects of the biogenesis and interactions of RNA molecules within the cell. The eukaryotic translation initiation factor eIF-4A has also been shown to have an intrinsic RNA-unwinding activity, which is apparently important in removing RNA secondary structure as the mRNA is scanned for initiation codons (12) . Thus, helicases capable of unwinding various nucleic acid duplexes have been reported in both prokaryotes and eukaryotes. These enzymes participate in myriad biological processes fundamental to the metabolism of nucleic acids in the cell.
E. coli DNA helicase II was originally described as a duplex DNA-unwinding enzyme (13, 14) . This protein has since been shown to be directly involved in methyl-directed mismatch repair (15) and in the excision repair of damage induced in DNA by ultraviolet radiation (16, 17) . In addition, genetic experiments have suggested possible roles in recombination (18) , transposition (19) , and DNA replication (20) . When assayed in vitro, helicase II requires a region of single-stranded DNA (ssDNA) on which to bind and initiate translocation (13, 14, 21) , and the unwinding occurs in a 3' -+ 5' direction with respect to the bound ssDNA (22) . The helicase reaction requires stoichiometric amounts of protein (13, 14, 21) , and concomitant ATP hydrolysis is necessary for unwinding to be observed. These biochemical characteristics of the unwinding reaction are consistent with the known roles for helicase II in unwinding relatively short regions of duplex DNA.
Recently both RNARNA and RNA*DNA helicases have been shown to contain sequence similarity with several prokaryotic DNA helicases, including helicase 11 (23) (25) , and helicase IV (1) were purified as previously described.
DNA and Nucleotides. M13 phage were grown in E. coli 71.18 (26) and ssDNA was purified as described (27 RQ1 DNase (1 unit, Promega) was added and incubation was continued for an additional 15 min at 370C. The reaction mixture was extracted with an equal volume of phenol and labeled RNA was purified by gel filtration through a Sepharose CL-6B column. The elution buffer contained 10 mM Tris/HC1 (pH 8.0), 1 mM EDTA, and 100 mM NaCl. Fractions were analyzed by electrophoresis through a polyacrylamide gel under denaturing conditions, and those containing the specific transcript were pooled and used directly in annealing reactions. Annealing of the [32PJRNA transcript to M13mp7-917 ssDNA was accomplished by mixing appropriate amounts of RNA and ssDNA in a reaction mixture with 60 mM Tris/HCl (pH 7.5), 10 mM MgCl2, 5 mM dithiothreitol, and 50-100 mM NaCl and heating at 950C for 3 min followed by incubation at 650C for 1 hr. The resulting DNA-RNA hybrid was used directly in unwinding reactions.
The DNA partial duplex substrate was constructed as follows. The Bluescript derivative pBSRI-917 was cleaved with Sac 11, which yields two fragments, one of which hybridizes with M13mp7-917 ssDNA. This fragment was purified by polyacrylamide gel electrophoresis and electroelution and hybridized with M13mp7-917 ssDNA as described above. The resulting partial duplex substrate was labeled at its 3' terminus by using [a-32P]dCTP (21) . The labeled partial duplex DNA substrate was purified on a Bio-Gel A-Sm (Bio-Rad) column and used directly in helicase assays.
Helicase Assays. (Fig. 1B,  lanes 7-10) . In fact, NaCl concentrations up to 200 mM did not inhibit the unwinding of the DNA-RNA helix (data not shown). Biochemistry
With 40 ng of helicase II, >50% of the RNA fragment was unwound from the circular DNA molecule, whereas <7% of the DNA fragment was unwound. In this case, helicase II unwound 1.4 x 1012 bp of DNA-RNA hybrid while unwinding only 1.5 x 1011 bp of duplex DNA. Similar differences in the unwinding of the DNA duplex as compared to the DNA-RNA hybrid were observed at all concentrations of helicase II tested. Thus the unwinding of the DNA-RNA hybrid is substantially more efficient than unwinding of the DNA duplex in terms of the amount of helicase II required to unwind a given number of base pairs.
The rates of the two unwinding reactions were also compared using the same two substrates (Fig. 3) . At the concentration of helicase II tested (compare with 77 ng in Fig. 2) , the unwinding of the DNA-RNA hybrid was rapid, with >70%o of the [32P]RNA fragment unwound from the circular DNA in the first 4 min of the reaction. After 4 min the rate of unwinding decreased and ultimately reached zero with somewhat more than 80% of the hybrid substrate unwound. Only rarely was 100% unwinding of the DNA-RNA hybrid observed. This is likely due to the fact that helicase II translocates processively along ssDNA (21) and dissociates to bind a new substrate molecule infrequently.
Unwinding of the DNA partial duplex was relatively linear over the entire 32-min incubation and considerably slower than unwinding of the DNARNA hybrid. The rate at which the DNA-RNA hybrid was unwound was more than an order of magnitude higher than the rate at which the DNA duplex substrate was unwound. Assuming that 100%o of the enzyme was active (there were -60 helicase II molecules per DNA substrate molecule in these experiments), the rate at which the DNA-RNA hybrid was unwound (measured at 1 min) was 2 bp per minute per enzyme molecule. The rate of unwinding of the DNA partial duplex was 0.1 bp per minute per enzyme molecule. This rate of unwinding of the DNA partial duplex compares favorably with data reported previously (21) . Lower concentrations of helicase II yield a similar rate for unwinding of the DNARNA hybrid (data not shown).
To show that the DNARNA unwinding reaction was a biochemical characteristic unique to helicase II, the abilities of four E. coli helicases to unwind the DNARNA hybrid were compared (Fig. 4) . Helicase II, Rep protein, and helicase IV all unwind duplex DNA in the 3' -*5' direction (refs. (24) . Of the four helicase enzymes tested, only helicase II catalyzed substantial unwinding of the DNA-RNA hybrid. Helicase IV catalyzed some unwinding of the DNA-RNA hybrid, albeit at least an order of magnitude less than the unwinding catalyzed by helicase II. Helicase I also catalyzed slight unwinding of the DNA-RNA hybrid; such a reaction was reported previously (32) . The extensive unwinding of a DNARNA hybrid does not appear to be a common property of the E. coli helicase enzymes; rather it is a specific property of helicase II.
DISCUSSION
In light of the data presented above, I suggest that helicase II may be involved in some aspect of RNA metabolism in the cell in addition to its known roles in excision repair (16, 17) and methyl-directed mismatch repair (15) . The unwinding of the DNA-RNA hybrid catalyzed by helicase II displayed several characteristics that suggest that it has physiological relevance. (i) The unwinding reaction was substantially more efficient than unwinding of duplex DNA. At all concentrations of helicase II tested, nearly 10-fold more base pairs of the hybrid substrate were unwound as compared to unwinding of the duplex DNA substrate. (ii) The rate of unwinding of the DNARNA hybrid was more than an order of magnitude faster than the rate of unwinding of the DNA partial duplex. (iii) The DNA*RNA hybrid unwinding reaction depends on concomitant ATP hydrolysis, as does the DNA unwinding reaction. (iv) The DNA-RNA unwinding reaction was resistant to increasing ionic strength in the physiological range. (v) Helicase II was the only enzyme of the four E. coli enzymes tested that catalyzed substantial unwinding of the DNA-RNA hybrid substrate, suggesting that this is not a property common to many helicase enzymes.
That lower amounts of helicase II unwind more of the DNA-RNA hybrid at a higher rate than unwinding of duplex 4432 Biochemistry: Matson DNA is of particular interest. Helicase II is known to interact with ssDNA but appears not to interact with single-stranded RNA (13, 14, 21 
